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Structural connectome alterations in patients with disorders of consciousness revealed by 7-tesla magnetic resonance imaging
Xufei Tan 
Introduction
To study severe brain damage like disorders of consciousness (DOC), including vegetative state/unresponsive wakefulness syndrome (VS/UWS) (Laureys et al., 2010) and minimally conscious state (MCS) (Giacino et al., 2002) , it is critical to understand
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The development of modern brain mapping techniques has enabled complex network analysis and description of the important properties of complex systems by quantifying topologies of their respective network representations. These methods aim to characterize brain networks with a small number of neurobiologically meaningful and easily computable measures (Rubinov and Sporns, 2010) , which have been widely used to study patients with various forms of brain injury (Catani and ffytche, 2005; Sporns, 2011) , including patients with DOC (Demertzi et al., 2015; Wu et al., 2015) . Crone et al. (2014) reported that compared with healthy subjects, the modularity, a graph theory property, is reduced in patients with VS/UWS and those in MCS; however, the path length and global efficiency did not differ between the groups. Pandit et al. (2013) , who also used a graph theory approach, observed that the small-world topology was impaired in traumatic brain injury. Further work has shown that the global connectivity during rest is associated with the Coma Recovery Scale-Revised (CRS-R) total score and arousal subscale score (Amico et al., 2017) .
The recent introduction of ultra-high-field MRI at 7 tesla (7 T) vastly improves the image signal-to-noise ratio relative to images obtained at lower field strengths.
This approach also enables the acquisition of images with a high resolution and high contrast-to-noise ratio (van der Kolk et al., 2013) . As such, it is a powerful means of non-invasively assessing normal and abnormal brain tissue with a high spatial resolution. In the current study, a simultaneous multi-slice (SMS) sequence (Moeller et al., 2010; Setsompop et al., 2012; Xu et al., 2013) of CMRR C2P for 7T diffusion MRI (Vu et al., 2015; Sotiropoulos et al., 2016; Gulban et al., 2018) was used to acquire diffusion data in a shorter time. We aimed to analyze the network properties of brain WM profiles in DOC patients and track WM changes during the recovery process. The resultant data should provide a better understanding of DOC and aid in the early prediction of the recovery outcomes in patients with DOC.
Methods
Participants
Thirty patients with severe brain injuries and 11 healthy volunteers participated in the experiment. All the patients were from the Department of Rehabilitation in the Hangzhou Hospital of Zhejiang (CAPR), Hangzhou, China, from September 2016 to July 2018. Ethical approval was obtained from the Local Research Ethics Committee of the First Affiliated Hospital of Zhejiang University. Coma Recovery Scale-Revised (CRS-R) (Giacino et al., 2004 ) was used to estimate the patients' clinical condition on the 3 consecutive days before 7 T MRI scan by the same two medical doctors. The
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inclusion criteria for the patients were as follows: 1) disease course longer than 1 month but shorter than 1 year, 2) no history of psychological disorders, 3) no previous alcohol or drug abuse, 4) no epilepsy or frequent spontaneous movements, 5) no use of the benzodiazepine class of drugs, 6) no moderate or severe hydrocephalus (excluded with 1.5 T MRI data), and 7) no metal in any part of the body for security reasons. Eleven patients were excluded owing to MRI contraindications, and seven patients were excluded owing to the presence of extensive focal brain damage. One patient's data were excluded from the analysis due to a diagnosis of locked-in syndrome (see Table S1 for details). Finally, the data from 11 patients with severe brain injuries were included in the analysis. Additionally, 11 age-and sex-matched healthy control subjects were enrolled. None of the controls had a history of psychiatric or neurological illness, psychoactive drug consumption, or drug or alcohol abuse.
All procedures performed in this study were approved by the Ethics Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University, and written informed consents in accordance with the Declaration of Helsinki were obtained from healthy participants and the legal guardians of the patients to allow them to participate in the study and for this article to be published.
Image acquisition
The MRI scan was performed with a 7 T research scanner (Siemens Healthcare, Erlangen, Germany) equipped with a Nova 1Tx/32Rx head coil (Nova Medical,
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A C C E P T E D M A N U S C R I P T ) were also acquired. High-dielectric pads (Zhao et al., 2018; Teeuwisse et al., 2012; Luo et al., 2013) were applied in one patient to enhance the signal in the brain regions.
Image preprocessing
Structural segmentation and normalization into Montreal Neurological Institute space (MNI-152) were performed by using the CONN functional connectivity toolbox (www.nitrc.org/projects/conn) (Whitfield-Gabrieli and Nieto-Castanon, 2012) . Scans were inspected to ensure appropriate normalization ( Figure S2 ). All DTI data was preprocessed in FSL (Jenkinson et al., 2012) (http://fsl.fmrib.ox.ac.uk/fsl). Diffusion preprocessing for motion, susceptibility and eddy current distortion corrections were performed with FSL's eddy and topup tools (Andersson et al., 2003) . To reduce the effect of excessive head motion during DTI acquisition, only participants who showed limited head movement during imaging acquisition (i.e., translation: < 3 mm; rotation:
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A C C E P T E D M A N U S C R I P T < 2; maximum absolute head motion: < 4 mm) were included in the study. In addition, all images were visually inspected to ensure the absence of artifacts.
Non-brain regions were removed from the b0 images using the brain extraction tool (BET). Whole-brain images of diffusion metrics, including FA and MD were obtained via DTIFIT, which was used to calculate the diffusion tensor model at each voxel.
The FA and MD were used to quantify the degree of WM disruption (Le Bihan et al., 2001 ).
Tract-based spatial statistics
Voxel-wise statistical analysis of the diffusion data, including the FA and MD images, between patients with DOC and healthy controls was performed using tract-based spatial statistics (TBSS) (Smith et al., 2006) . All subjects' FA data were nonlinearly aligned to the predefined FSL FMRIB FA map and registered to the MNI-152 standard space. Next, a mean FA skeleton was created, which represented the centers of all tracts common to the group. The aligned FA and non-FA data of each participant was projected onto this skeleton. Two-sample nonparametric t-tests were used to obtain group differences between patients with DOC and healthy controls, with age and sex as covariates. The number of permutations was set at 5000.
All resulting statistical maps were family wise error (FWE) corrected based on the threshold-free cluster enhancement (TFCE) option. The threshold for statistical significance was set at p < 0.05.
Node and edge definition
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A C C E P T E D M A N U S C R I P T Diffusion post-processing and analysis were conducted using DSI Studio (http://dsi-studio.labsolver.org). A brain network can be described as a graph with nodes (brain regions) and edges that form connections between the nodes (Wen et al., 2017) . The automated anatomic labelling (AAL) atlas including a total of 116 cortical and subcortical regions was used to define the nodes in this article. And each edge represented the number of streamlines interconnecting each pair of nodes.
Fiber tracking
We used a deterministic fiber-tracking algorithm as described in our previous study (Tan et al., 2018) . Spin distribution functions were reconstructed in MNI space using q-space diffeomorphic reconstruction (QSDR), which provides a direct way to make comparisons between groups (Yeh and Tseng, 2011; .
Connectome construction and graph theory analyses
The overall pattern of WM connections between each pair of brain nodes was computed using binary matrices. Nodes were defined as the 116 brain regions of the AAL atlas. This resulted in a 116 × 116 interregional connectivity matrix, with each element populated by the number of streamlines that served as a measure of connectivity strength. The connectivity matrices and graph theoretical analysis were conducted using the DSI Studio and network-based statistic (NBS) Connectome (Zalesky et al, 2010) . The following global network metrics were investigated: network density, transitivity, clustering coefficient, network characteristic path length,
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A C C E P T E D M A N U S C R I P T small world-ness, global efficiency, local efficiency, and assortativity coefficient. Table S2 lists the definitions and descriptions of the network metrics used in this study.
Diffusion MRI connectometry
Group connectometry in DSI Studio was used to investigate the correlation between the WM structure and each of the six CRS-R subscale scores (with age, sex, and etiology included as covariates). A detailed description of the diffusion MRI connectometry was provided in the Supplementary Materials.
Longitudinal study of brain connectome metrics
In this study, one VS/UWS patient was scanned 1.5 months after brain trauma.
At 5 months after the trauma, the patient had progressed to MCS and was scanned for a second time. Another patient with cerebral ischemia and hypoxia was also scanned twice. The first scan was performed 3 months after brain injury when the patient was in MCS. The second scan was performed 11 months after brain injury when the patient was still in MCS. Besides, a 35-year-old healthy male subject was scanned twice on two different days with the same scan protocol to access the reproducibility.
Within-subject comparisons were made of the data of the two scans to observe any longitudinal differences in brain connectivity networks.
Identification of disrupted WM connections
The NBS was used to identify subnetworks (clusters of nodes and edges) comprising connections with a reduced streamline count in patients with DOC. A
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Briefly, a two-sample t-test at each connection was firstly performed to test for significant between-group differences in the value of the connectivity value.
Following this, a primary component-forming threshold (p < 0.01, uncorrected) was applied to form a set of suprathreshold connections. Finally, the significance of each connected component was obtained with respect to an empirical estimate of the null distribution of maximal component sizes (50000 permutations), with the component size measured as the number of edges it comprised.
Statistical analysis
All statistical analyses were performed using R (R Foundation for Statistical
Computing, Vienna, Austria). Considering the sample size of this study was small and some of the data were non-normally distributed, Exact Two-Sample Fisher-Pitman
Permutation Test was used to compare the data of the DOC and healthy control groups. Meanwhile, Approximative K-Sample Fisher-Pitman Permutation Test (seed=456) was used for comparing the data of the three groups ( healthy controls, MCS, and VS/UWS). The test level was set at α=0.05. Pairwise post-hoc analysis was subsequently employed where significant main group differences were observed. The corrected significance threshold was p < 0.05 with Bonferroni correction. For the connectome metrics that showed significant differences in both analyses, we plotted the receiver operating characteristic (ROC) curve to determine whether it could ACCEPTED MANUSCRIPT
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clearly distinguish DOC from healthy controls. The relationship between connectome metrics and CRS-R scores were assessed using Pearson's correlation coefficient.
For the NBS analysis, to determine the significance levels of altered connectivity networks, general linear models were used to examine the mean difference in connectivity strength of any connected components between groups. The statistical significance of each connected component was obtained with respect to an empirical estimate of the null distribution of maximal component sizes (50000 permutations),
with the component size measured as the number of edges it comprised. Significant subnetworks were initially determined at p < 0.05 and further tested at p < 0.01 (both thresholds were permutation corrected). We reported any components that were significant at a p-value of 0.01 after family-wise error (FWE) correction. And the BrainNet Viewer (Xia et al., 2013) was used to display the subnetworks.
Results
Demographic information
Eleven patients with severe brain injuries were enrolled based on their CRS-R score and 1.5 T MRI scans. Five patients were diagnosed with VS, and six patients were diagnosed with MCS. Eleven age-and sex-matched healthy control subjects were also assessed. All patients and control subjects included in the study were right-handed. The clinical characteristics of the enrolled patients are shown in Table 1 .
All T1-weighted MPRAGE brain structural images for the 11 patients with DOC in this study are presented in Figure S1 and representative axial, coronal, and sagittal
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images for patients from normalized structural dataset are shown with the overlying MNI template in Figure S2 . The demographic data of the two groups are shown in Table 2 . There were no significant between-group differences for age or sex between patients and healthy controls (p > 0.05). Further, no significant group differences in head motion were observed. 
Widespread WM disruption in patients with DOC
Figure 1 shows the differences in FA and MD between patients with DOC and healthy controls, as identified through the voxel-wise TBSS analysis. Widespread FA reductions in the WM of patients with DOC were observed compared with the FA in healthy controls. Patients with DOC also exhibited higher MD in almost the entire WM skeleton relative to controls at the sa me contrast. Conversely, no WM regions with higher FA or lower MD in patients with DOC relative to controls were found.
Connectome metrics in patients with DOC compared to healthy controls
Significant between-group differences were detected for transitivity (p < 0.001), local efficiency (p=0.009), and clustering coefficient (p=0.039). All three metrics were significantly increased in DOC patients compared with healthy controls ( Figure   2 ). Figure 3 shows the connectome metrics of the healthy controls, MCS, and VS/UWS groups. Controlling for age and gender, statistical analysis showed significant group differences in transitivity (p < 0.001) and local efficiency (p = 0.031). Post-hoc analyses indicated that the VS group had greater transitivity compared with that of healthy controls (p < 0.001, Bonferroni corrected) and MCS (p
Comparison of connectome metrics among healthy controls, MCS, and VS/UWS
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A C C E P T E D M A N U S C R I P T = 0.0217, Bonferroni corrected). The VS group had greater local efficiency compared with that of healthy controls (p=0.039, Bonferroni corrected). There was no significant difference between healthy controls and MCS for local efficiency after post-hoc analyses. There were no significant group differences in the remaining connectome metrics (p > 0.05). Figure 4 shows the differentiation rate derived from ROC analysis for the brain connectome metrics of transitivity. With good classification accuracy, the value of transitivity that was significantly increased had the greatest ability to distinguish DOC patients from controls (AUC = 0.9871, sensitivity = 1.000, specificity = 1.000, efficiency = 1.000; p<0.001).
ROC curve analysis
Correlation between transitivity and CRS-R scores
As shown in Figure 5 , the value of transitivity showed a significant negative correlation with the CRS-R score, with a correlation coefficient of −0.6902 (p < 0.05).
Diffusion connectometry results
The connectometry analysis identified tracks with enhanced connectivity that were related to the CRS-R subscale score of language (false discovery rates = 0.09) in patients with DOC ( Figure S3 ). Widespread WM regions were correlated with the language subscale score. The relationships between the tract connectivity and other CRS-R subscale scores had high false discovery rates (>0.50). Table 3 lists the detailed information of the two patients who participated in the longitudinal study. In addition, Figure S3 maps overlaid on corresponding FA maps for patient 01 were shown in (E) 1.5 months and (F) 5 months after initial injury. Due to the high resolution, obvious white matter damage could be observed in the zoomed PDD maps for patient 01 in figure   S3 (F). Figure 6 shows that the value of transitivity for the patient who spontaneously recovered from UWS to MCS decreased in the second scan; however, the transitivity value was increased in the patient whose CRS-R score remained unchanged in the second scan. Furthermore, the intra-subject variation in transitivity for the healthy control participant was smaller than that for the patients. 
Longitudinal study of brain connectome metrics
Network-based statistical analysis of structural connectivity
Through NBS analysis and comparison between the DOC patients and healthy controls, a structural subnetwork was revealed, wherein the connectivity of this subnetwork was greater in the healthy controls than in the DOC patients. Specifically, this subnetwork of reduced connectivity in the DOC patients included 24 edges connecting 22 regions (p = 6*10 -5
, FWE corrected). A significant difference was also
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All connections contributing to this subnetwork and their corresponding t-statistics are listed in Table 4 . The nodes and edges contributing to this subnetwork are shown in Figure 7 , indicating that the subnetwork of decreased structural connectivity comprised of 22 nodes and is positioned in the frontal cortex, occipital lobe, and limbic system. 
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Discussion
This study investigated the whole-brain WM connectome in patients with DOC and healthy controls. The main findings yielded from the current study were as follows. First, DOC patients displayed elevated transitivity, local efficiency, and clustering coefficient of connectome metrics compared to those of healthy controls.
When comparing the connectome metrics within the three groups (healthy controls, MCS, and VS/UWS), the VS group had greater transitivity compared with that of healthy controls and MCS. Notably, the connectivity alterations of transitivity significantly differentiated the diagnostic groups. Second, a longitudinal evaluation of brain connectome metrics in two patients showed that transitivity decreased in the patient who recovered from VS/UWS to MCS. In contrast, the patient whose CRS-R score remained unchanged demonstrated increased transitivity compared with the value obtained 10 months prior, which was consistent with its negative correlation with CRS-R score. Finally, NBS analysis revealed significantly decreased structural connectivity, which consisted of 22 nodes mainly in the frontal cortex, limbic system, occipital, and parietal lobes.
Consistent with prior findings, both the DOC patients and healthy controls in our study had small-world properties in their WM networks (Bullmore and Basse, 2011; Crone et al., 2014; Weng et al., 2017) . Small-world refers to networks that have similar characteristic path lengths but are more clustered, as opposed to random ACCEPTED MANUSCRIPT
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networks (Watts and Strogatz, 1998) . Their topology reflects an optimal balance between global integration, which is essential for the high level functioning of human brain networks (Honey and Sporns, 2008) . We observed that DOC patients showed increased small-world properties, which contrasts with the findings of Weng et al.
(2017); however, this increase did not reach statistical significance. In our study, the DOC patients' networks showed significantly elevated clustering coefficient and local efficiency, although characteristic path length and global efficiency were similar to those of healthy controls. Elevated local efficiency, clustering coefficient, small-world properties, and similar characteristic path lengths in DOC patients may indicate more efficient use of local neural resources in DOC (Wen et al., 2017) .
In the present study, the DOC patients' networks had greater transitivity, an outcome that has not been previously reported in the DOC graph theory literature. In our study, transitivity and clustering coefficient were both elevated in DOC patients compared with healthy controls. However, when comparing the metrics among healthy controls, MCS, and VS/UWS, only transitivity displayed significant differences among the three groups. Transitivity reflects the likelihood of a network to have interconnected nodes adjacent to one another and to be regulated by the global network. It is a more robust parameter than the clustering coefficient and is often used as an alternative to the latter, as it is not influenced by nodes with fewer connections (Newman, 2003) . Our findings suggest that the distribution of information processing may be restricted to a group of densely interconnected regions of the brain network in
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DOC patients. A similar dichotomy of intergroup differences in clustering has previously emerged in graph theory studies of Alzheimer's disease (Daianu et al., 2015; de Haan et al., 2009 ) and late life depression (Ajilore et al., 2014; Li et al., 2015) . More importantly, in this study, a significant difference in transitivity was found between the MCS and VS/UWS groups. A similar trend was observed in the two patients examined longitudinally, which is consistent with its negative correlation with CRS-R. It remains to be confirmed in further studies whether transitivity can be used as an auxiliary diagnostic tool to differentiate MCS from VS/UWS, or as an indicator for early prognosis of recovery outcomes in DOC patients.
A subnetwork that decreased structural connections was identified using the NBS approach. However, our results were discordant with those of Weng et al. (2017) , who reported abnormal structural connectivity between the basal ganglia, thalamus, and frontal cortex in DOC patients. Our subnetwork consisted of 22 nodes among the frontal cortex, limbic system, occipital, and parietal lobes. Nine of 22 nodes were located in the frontal cortex. The frontal cortex constitutes two thirds of the human brain and plays an important role in a multitude of cognitive processes, such as executive function, attention, memory, and language (Chayer and Freedman, 2001 ).
The medial prefrontal cortex (mPFC) participates in virtually all self-related processing: affecting human identity, altering attentional processes, decision-making, goal-directed behavior, and working memory (Goldman-Rakic et al., 1984; Vertes, 2004; Van Overwalle, 2009 ). Furthermore, the mPFC is a component of the DMN,
which mediates internally oriented awareness and spontaneous cognition (Vanhaudenhuyse et al., 2011) , and is widely reported in DOC (Crone et al., 2011; Kotchoubey et al., 2013; Vanhaudenhuyse et al., 2010; Norton et al., 2012) . The mPFC is associated with consciousness level and its outcome in patients with acquired brain injury (Liu et al., 2017) . Seven nodes were located in the limbic system. there is no evidence of a meaningful response; visual pursuit is considered to be one of the first signs appearing during recovery of consciousness (Giacino et al., 2002) .
The calcarine cortex is commonly defined as the primary visual cortex (Belliveau et al., 1991) or V1 (Lalli et al., 2006 ). An important role for visual sensory systems in early recovery of a patient who spontaneously recovered from VS/UWS to MCS with severe brain injury has been reported in our previous study (Tan et al., 2018) . Finally, one node was located in the parietal lobe. Collectively, our subnetwork has been included in a meso-circuit model that attempts to explain DOC after brain injuries
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A C C E P T E D M A N U S C R I P T (Schiff, 2010) . Although the thalamus was not in the subnetwork, the inclusion of the ACC is similarly recruited by a wide range of cognitive demands and shows graded activity with increasing cognitive load. This suggests that this component of the frontal executive systems may drive, or reciprocally increase activity, with the central thalamus in response to increasing cognitive demands (Stuss and Alexander, 2007) .
There are several strengths to our study. First, ultra-high field (7T) MRI was utilized to gain higher resolution, signal to noise ratio (SNR), and contrast-to-noise ratio (CNR). Vu et al (2015) has reported that the higher spatial resolution of the 7 T data provides excellent detail including bands of low FA along the gray-white matter borders. Heidemann et al (2012) also reported similar findings in zoomed dMRI studies with partial-brain coverage. In our study, obvious white matter damage could be observed in the zoomed PDD maps for patient 01 in the long longitudinal study due to the high resolution. Further analysis with the high resolution will be carried out in the future. Second, differences in network metrics for the structural connectome were observed not only between DOC patients and healthy controls, but also between MCS and VS/UWS. Furthermore, longitudinal examination of brain connectome metrics was performed, although only two patients were studied. Finally, a significant subnetwork was identified when comparing DOC patients with healthy controls, which may help to promote understanding of the mechanisms underlying DOC.
Several potential limitations of this study should be considered. First, the sample size was relatively small. As no metal in any body part was permitted in patients with ACCEPTED MANUSCRIPT
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DOC undergoing 7 T MRI scans, very few patients met the inclusion criteria. A second limiting factor was concern from family me mbers. Third, the normalization of MR images was an issue in patients with DOC. Often, misalignment between the b0 images and diffusion-weighted images for small ROIs can lead to imperfect registration to the MNI-152 space. Thus, we excluded patients with extensive focal brain damage. Fourth, considering the clinical feasibility and compliance, we did not perform 3 T MRI scanning for these patients, which resulted in the inability to perform comparisons among different field strengths (3 T and 7 T). In addition, more individualized analyses that take advantage of the 7 T resolution should be taken into consideration in the future. Finally, in this study, some of the patients with DOC had traumatic brain injury while others had hypoxic-ischemic encephalopathy, and as such, they had different pathogeneses. It would be better to divide patients into different subgroups based on the patients' various etiologies and to study the relationship between brain dysfunction and abnormal structural topologies in these different subgroups separately in the future.
Conclusions
In this study, non-invasive ultra-high field (7T) MRI and graph theoretical analyses were used to reveal global network disruptions in DOC. The DOC network was highly segregated with significantly higher transitivity, local efficiency, and clustering coefficient of WM structural networks. Elevated transitivity in VS/UWS was also found compared with MCS. The findings from our longitudinal assessment
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also supported the view that transitivity would decrease if the patient's condition improved, which was consistent with its negative correlation with CRS-R score. A significant subnetwork was identified when comparing DOC patients with healthy controls, which may help to promote understanding of the mechanisms underpinning DOC. This preliminary study sheds light on the pivotal role of transitivity in distinguishing the various states of DOC based on graph theoretical approaches.
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Highlights:
1) High resolution, SNR and CNR images were obtained by using an ultra-high (7 tesla) MRI scanner.
2) For connectome, differences in brain metrics were revealed not only between DOC patients and HCs, but also between MCS patients and VS/UWS patients.
3) Brain connectome metrics were also analyzed in a longitudinal study, even though only two patients enrolled in this study.
4) Through comparison between DOC patients and HCs, an important subnetwork was identified, which may help to advance our understanding of DOC mechanism.
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